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Abstract 
The fire behaviors in a compartment only with a single ceiling vent at the corner were investigated experimentally and the effects of vent 
size and fuel surface area on the fire development were studied in detail. The compartment was 1 m (W) × 1 m (L) × 0.75 m (H) and the 
area of the ceiling vent varied in six dimensions. Fire source was n-heptane pool with three different diameters, 0.1 m, 0.141 m and 0.2 m, 
respectively. The fuel mass loss rate, gas temperature profile and oxygen concentration in the compartment were measured and flame 
behaviors were recorded by a video camera. The results showed that flame extinctions were due to two factors, oxygen concentration and 
fuel quantity. The ceiling vent only had a small impact on the mass loss rate and gas temperature profile when the fire extinction was due 
to low oxygen concentration. Additionally, mass loss rates showed same values when compared to free mass loss rate for small fires, even 
the fire was self-extinction. The effects of oxygen concentration and hot gas temperature on mass loss rate were examined and its solution 
agrees well with the measurements. 
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Asia-Oceania Association for Fire Science 
and Technology. 
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1. Introduction 
Over the past decades, compartment fire has been investigated in detail and its growth is well understood [1-3]. From 
these literatures, it appears that great progress has been made in the typical building compartment fires with vertical 
openings, such as door and window.  
As a typical enclosure, the buildings, such as underground structures, ship compartments, and nuclear power plants, only 
have the horizontal ceiling vents. Compartment fire with vertical wall vents or horizontal ceiling vents might have different 
behaviors, because the flow exchange at the openings and vents is of considerable importance in the compartment fire 
growth and spread [4]. To understand the flow through the ceiling vent, some experimental work had been done by using 
the brine/water and heated air analogy [5-8]. Moreover, Chow investigated the oscillations of air flow through a ceiling vent 
in a compartment and the oscillation frequency was calculated [9]. Unlike non-buoyant flow through vents in a vertical wall, 
the quantitative work on the flow across horizontal vent is very little and the accuracy is unknown for a real fire [10].  
The fire occurring in such compartment with ceiling vent has attracted some researchers and the results show the fire has 
its distinguishing behavior [11-13]. The minimum extinction value of oxygen was ranging from 14% to 16.1% by mass for 
the burner diameter in the range 0.089 m to 0.5 m for the CH4 diffusion flames [14]. An experimental study for ceiling vent 
compartment fire was conducted in a 40 cm cubic compartment by Wakatsuki [15]. For the heptane pool fire, the volume 
concentration of oxygen at extinction under limited ventilation was almost 15 to 16%. He found fuel mass loss was fairly 
close to free burning fire value for the small pool fire, but lower for the large ones because of insufficient air supply. Very 
tight and tall flame and premixed flame were observed during the experiments. However, the pool fire behavior in such 
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circumstances requires more detailed insight and more work is needed to consider the roles of compartment geometry, fire 
source and vent size.  
The scope of present study focuses on the behavior of fire occurring in a compartment. Only a single ceiling vent 
configuration at the corner of ceiling, which has received insufficient attention in the past, is considered during the 
experiment. Three kinds of pool fires were employed, and six kinds of vents were used to adjust the opening area in the 
experiment. During the experiments, the mainly fire parameters in the compartment, temperature profile, burning rate, 
oxygen concentration, and fire duration, were reported and the influences of different vent sizes and fuel surfaces were 
investigated. 
2. Experimental setup 
The experimental tests for present work were performed at the State Key Laboratory of Fire Science (SKLFS) in Hefei, 
China. As shown in Fig. 1, the inner dimensions of the enclosure were 1m by 1 m by 0.75 m high. It was constructed of 
5mm thick stainless steel. To allow the flame visualization, the front side of the enclosure was made in 5 mm thick silica 
glass (a glass supporting temperature up to 950 °C).  
The enclosure was fully enclosed except for a single square vent in a corner of the ceiling. In order to examine the effect 
of the ceiling vent size, six different square steel pieces were made and used to adjust the vent size in the experiment. The 
values of piece areas were 0.0025 m2 (0.05 m × 0.05 m), 0.01 m2 (0.1 m × 0.1 m), 0.0225 m2 (0.15 m × 0.15 m), 0.04 m2 
(0.2 m × 0.2 m), 0.0 625 m2 (0.25 m × 0.25 m), and 0.0 9 m2 (0.3 m × 0.3 m). 
Circular stainless steel pans of inner diameter 0.1, 0.141 and 0.2 m, depth 40 mm, were used in the experiments. The fuel 
pan was placed on a load cell, which was located at the center of the compartment floor. The burner surface was 0.12 m 
height above the floor. Heptane fuel was burnt in this study and the initial fuel thickness was about 13 mm for each test. 
Thus the freeboard length was initially 27 mm and increased as the fuel surface dropped during the combustion, due to no 
fuel being replenished. Electric spark igniter was used to produce spark to ignite the heptanes. After ignition, the igniter was 
moved away from the flame. Eighteen tests were carried out and the conditions are shown in Table 1. 
A Shimadzu top-loading balance was used during the test to measure the mass loss. The load cell has a maximum 
capacity of 6.2 kg with 0.01 g resolution, and its response time is about 1.5 s. In the experiment, 10 mm thick insulating 
board was positioned on the load cell, to prevent the heat transferring from the vessel.  
Temperature profiles in the compartment were measured by two vertical thermocouple trees, which were located in the 
center of right and back walls. Each tree was composed of eight type K thermocouples of 0.5 mm diameter. The bottom 
thermocouple was 5 cm above the floor and the top thermocouple was 50 mm below the ceiling. From top to bottom, for the 
tree at the right wall, the thermocouples were named TC1-TC 8, at a distance of 0.25 m from the right wall. There was an 
interval of 50 mm between TC1 and TC2, the rest of the thermocouples were aligned uniformly with 10 cm spacing. The 
thermocouples at the back wall, labeled as TC9-TC16, were 5 cm far from the back wall and the vertical positions were the 
same as the right wall ones, at the following heights: 0.7, 0.65, 0.55, 0.45, 0.35, 0.25, 0.15 and 0.05 m.  
Oxygen concentration at the base of fire was measured by gas analyzer which was calibrated before the test. The gas 
analyzer probe was placed at a height of 0.15 cm from floor and 0.25 m far from the left wall. 
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Fig. 1. Experimental set-up. 
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Table 1. Summary of the experimental results 
Case No. 
Pan 
Diameter 
(m) 
Vent  
Area 
(m2) 
Fire 
Duration
(s) 
Average 
Burning rate
(kg/(m2 s)) 
Hot Gas 
Temperatureb
(°C) 
Oxygen 
Concentrationc
(%) 
Self-extinction 
1 0.1 0.0025 319-348a 0.0077 104.7 14.1-14.3 Yes 
2 0.1 0.01 323-360 0.0078 107.2 14.1-14.6 Yes 
3 0.1 0.0225 383-388 0.0079 106.8 14.6-14.7 Yes 
4 0.1 0.04 427-436 0.0079 102.4 15.5-15.7 Yes 
5 0.1 0.0625 862-976 0.0088 105.8 16.8-17.9 No 
6 0.1 0.09 813-822 0.0101 110.1 18.5-18.8 No 
7 0.141 0.0025 148-155 0.0081 141.2 13.2-13.9 Yes 
8 0.141 0.01 153-162 0.0085 144.1 12.9-13.1 Yes 
9 0.141 0.0225 155-163 0.0082 143.9 14-14.1 Yes 
10 0.141 0.04 157-173 0.0083 141.6 15.3-15.4 Yes 
11 0.141 0.0625 190-225 0.0082 141.2 16.4-16.5 Yes 
12 0.141 0.09 881-962 0.0115 163.6 16.9-17.8 No 
13 0.2 0.0025 85-93 0.0084 188.6 13.1-13.2 Yes 
14 0.2 0.01 82-97 0.0083 184.0 12.2-12.8 Yes 
15 0.2 0.0225 84-96 0.0085 191.1 12.9-13.8 Yes 
16 0.2 0.04 88-93 0.0087 185.2 14.1-14.3 Yes 
17 0.2 0.0625 84-96 0.0084 188.3 15.2-16.1 Yes 
18 0.2 0.09 94-99 0.0088 189.9 16.2-16.3 Yes 
a The value with variation due to different experiment. 
b The hot gas temperature is taken to be the value measured by the thermocouple at 65 cm high. 
c The oxygen mole fraction at the base of fire at the time when the flame is extinguished. 
 
3. Results and discussion 
The ventilation of a fire scenario had an impact on progression of the fire in a compartment with ceiling vent. Some 
typical fire behaviors, which were described in previous researches conducted in under-ventilated compartment, were also 
observed in present experiments. After ignition, a stable flame was observed in small vent cases. When the vent size became 
bigger, flame was shrinking to extinction at the rim of the vessel, but came back to the fuel surface and formed an attached 
flame again. Moreover, the flame began to detach partly from the circular pan edge and propagated from the vessel to the 
surrounding. These two phenomena were usually called as “Oscillating flame” and “Ghosting flame”, respectively [15, 16]. 
The phenomenon of “burning at the vent” was not observed in this study, maybe because heptane is heavier than air and the 
vent was in the ceiling. But in some large vent cases, the flame was tilted slightly to the opening during the burning. 
3.1. Extinction behavior 
For the 0.1 m pool fires, self-extinction occurred rapidly after ignition when the vent area was not bigger than 0.04 m2. 
As the vent area became bigger, the flame was able to survive until flame extinction due to fuel burning out. For 0.141 m 
pool fire tests, flame extinction due to fuel out occurred in the 0.09 m2 vent case, while 0.2 m diameter fires showed the 
same extinction behavior, self-extinction, during all the tests.  
The fuel mass was measured before and after the test. Fig. 2 shows the fuel mass consumption rates for different tests. 
Here fuel mass consumption rate is defined as the ratio of the total mass loss at extinction ( .extm ) to initial fuel mass ( om ). 
The results of repeatable experiments are also included in this plot and the data shows that fire test had good repeatability. 
Depending on whether it has fuel left in the pool after extinction, fire extinction behavior was recognized as two distinctive 
regimes: (i) oxygen-controlled extinction regime where the flame self-extinction because of oxygen starvation, and (ii) fuel-
controlled extinction regime where the combustion lasted until the fuel was completely exhausted. It can be seen that the 
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consumption rate decreases with the increase of pan size and lies in the range of 0.1 to 0.4 in oxygen-controlled region. 
Only little fuel was consumed and ventilation had a small influence on the fire growth. But when the ratio of vent and pan 
area became larger than a critical size, the fire went into fuel-controlled region and the fuel was completely burnt out. This 
critical size is considered to be dependent of the compartment geometry and fire source. For 0.141 m pool fire, the critical 
size is between 4 and 5.8, while the critical ventilation size lies between the 5.1 and 8 for 0.1 m pool fire. The more 
ventilation is needed to maintain sustained burning for larger pool fire. We did not obtain the critical size for 0.2 m pool 
fires in present work. 
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Fig. 2. The ratio of mass loss at extinction to the initial fuel mass. 
3.2. Mass loss rate 
Figure 3(a) shows the variation in time of mass loss rate for the 0.1 m pool fires. Note here the burning rate is based on a 
continuous mass measurement from the beginning to the end of the fire. In the fuel-controlled region where flame extinction 
due to the fuel burnt out ( ventA =0.0625 and 0.09 m
2), the mass loss rate behaves the similar trend to that in oxygen-
controlled region after the ignition. However, a sudden increase appears and the mass loss rate reaches another plateau. Bulk 
fuel boiling is responsible for this behavior, as described in the literatures [17, 18]. Here we just discuss the mass loss rate 
for the fires in the oxygen-controlled region. The mass loss rates for the 0.141 and 0.20 m fires are plotted in Figs. 3(b) and 
3(c). Because the fire is in fuel-controlled region and the fire duration is much longer than those in oxygen-controlled region, 
the case of 0.141 m fire with 0.09 m2 vent is not included. The change in vent size causes only a slight difference in the 
mass loss rate. For a given size of pool fire, the trend of mass loss rate is similar and the average value is also almost 
constant. The fluctuations in the mass loss rates of 0.2 m pool fires are coursed by changes in flame behavior. This indicates 
that the vent size has a very small influence on the mass loss rate of pool fires in the oxygen-controlled region. Furthermore, 
in present study, the mass loss rate does not change too much for three different sizes of pool fires, is about 0.0078-0.0088 
kg/ (m2s).  
3.3. Gas temperature profile 
The gas temperature profiles were measured by two thermocouple trees in the center of right and back walls in Fig.1. The 
vertical distributions of gas temperatures at different time in 0.1 m fires with 0.0225 and 0.0625 m2 vents are plotted in Fig. 
4. Here the plotted data point represents the average values of temperatures from the thermocouples positioned at the same 
height due to the differences between measured temperatures in same fire scenario are small. Note that the measured 
temperature does not increase or decrease very much when the oscillation and the ghosting flame appear during the 
experiment. There may be some problems for the thermocouple on capturing the fluctuations of these flame behaviors 
because its respond is not fast enough.  
As illustrated in Fig. 4, the change in slope, which represents the layer interface, is not as distinguished for the tests in 
this study as it is for the compartment fire tests with door vent. This result shows that more mixing takes place in present 
configuration and the lower layer is contaminated with hot smoke. No clear cold gas layer is formed.  
The gas temperature increases with time and reaches its peak before the flame extinction. The reason is that the fire heat 
release rate decreases as the fire decays. We estimate the ratio of time to reach the peak temperature and the fire duration 
and find the value is mainly between 0.75 and 0.9 in present study, and an intermediate value of 0.85 is desirable.  
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Fig. 3. Mass loss rates for the pool fires: (a) D=0.1 m; (b) D=0.141 m; (c) D=0.2 m. 
The gas temperature at 0.7 m is much higher and the temperature gradient above the height of 0.65 m is steep. This may 
be due to the horizontal movement of smoke ceiling jet and radiation from the ceiling. In present work, to have a better 
understanding on the hot gas temperature, we use the gas temperature at 0.65 m high instead of temperature at 0.7 m to 
discussion the effects of vent size and fuel surface. Table 1 provides an overview of hot gas temperature at 0.65 m high for 
all the configurations under study. For the fires in oxygen-controlled region, the gas temperature changes slightly, while it 
tends to increase as the vent size increase to the fuel-controlled region. It is believed that burning rate difference due to 
boiling phenomenon causes this temperature difference. In addition, hot gas temperature also increases as the pan size 
changes larger, as shown in Table 1.  
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Fig. 4. Typical vertical temperature profiles of fires at different time in 0.1 m fires for (a) 225 cm2 vent and (b) 625 cm2 vent. 
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3.4. Oxygen concentration 
For the compartment fire tests, the oxygen concentration at the base of the fire is measured to consider the fire behavior. 
In this study, the gas analyzer was located at 30 mm above the vessel rim, and 0.1~0.2 m far from the vessel, depending on 
the pan size. Fig. 6(a) shows the typical variation in time of the oxygen concentration for the 0.141 m pool fire in the 
compartment with a 0.0225 m2 ceiling vent and the extinction time is also shown in the figure. It can be seen that the 
oxygen concentration shows that it keeps constant at 20.9 vol.% till about 25 s after ignition and then decreases slowly to 
14% when flame extinction occurs. The oxygen level decreases and becomes less than that in the ambient air. This proves 
the existence of the mixing phenomena. It is interesting to see that in oxygen-controlled region where flame extinction due 
to oxygen starvation, the ratio of the time that oxygen starts to decrease to the fire duration changes slightly, even during the 
ghosting and oscillation period. The ratio mainly lies in the range of 15% to 25% observed in present study. In addition, it is 
recognized that the oxygen volume concentration reaches its lowest value before flame extinction, typically of the order of 
the second s for most cases. 
The oxygen concentrations at extinction time are plotted against the ratio of vent area to the fuel area in Fig. 6(b). Filled 
marks mean fire went out due to oxygen starvation, while the empty marks mean fire in fuel-controlled region. From this 
graph, the flame extinction condition is reached before all the oxygen is consumed up and more than 12 vol.% oxygen still 
remain in the compartment. For the pool fires in oxygen-controlled region, oxygen concentrations at the base of fire are 
approximately 12-16% by volume and increase linearly with the ratio of vent area to the fuel area. In comparison with data 
reported by Utiskul [19], 10-12%, the values for this study are a little higher, but is reasonable consistent with the 
Wakatsuki’s results [15]. 16.5 vol.% is like the critical value at which the fire becomes extinguished. 
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Fig. 5. Oxygen concentration for (a) 0.141 m fire with 0.0 225 m2 vent and (b) different fire tests at extinction. 
3.5. Mass loss rate affected by O2 and gas temperature 
For the fires in compartment, we have to consider the two effects of ventilation and external heat feedback from smoke 
and compartment wall. In general, the ventilation has a negative impact on the flame burning rate, whereas the external heat 
effect has a positive effect [20]. A simplified correlation for predicting the mass loss rate in an under-ventilated 
compartment was proposed by Ringwelski [21]. There, the mass loss rate can be estimated in terms of its free burning rate 
with the effects of oxygen concentration and hot gas temperature as:  
2
2
4 4
,
/'' ''
,
( )
1( )( )st t Of
O
f
Y F T
Y L
em m T
     
                                                                 
(1) 
where '' ,fm  is the fuel mass loss rate at ambient (kg/(m2 s)), st  is the time to be steady burning (s), 2OY is the oxygen mass 
fraction in the compartment, and 2 ,OY  is ambient mass fraction of oxygen, F is radiation view factor,  is Stephan – 
Boltzmann constant, T and T  are the compartment upper gas temperature and ambient temperature (K), respectively. L  is 
the heat of gasification of fuel used (kJ/kg). 
The free mass loss rates are 0.008, 0.013, and 0.015 kg/(m2 s) for 0.1 m, 0.141 m and 0.2 m pool fires, respectively [18]. 
And the heat of gasification for heptanes has been taken to be 0.48 kJ/g, based on an initial fuel temperature of 20 °C. The 
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fuel mass loss rates are calculated and compared to the measured values, as shown in Fig. 6. Here we assume the view 
factor F =1, which means radiation angle is hemisphere, as used in the reference [19]. From the graph, we can see that the 
calculations of mass loss rate for 0.1 m and 0.141 m pool fires show a good agreement with the experimental values. The 
radiation heat has small influence on mass loss rate in 0.1 m fire because gas temperature is not high. And the radiation term 
shows a more significant effect in 0.141 m fire due to the higher gas temperature. The calculated mass loss rate is more than 
the measured value in 0.2 m fire and the radiation plays a significant role. The possible reasons are the view factor is 
selected as 1, the flame location is changed, burning area is reduced, and the heat loss term is not included in the equation. 
Further research is required for large pool fires in compartment. However, the effects of the oxygen concentration and gas 
temperature on the mass loss rate are clearly shown and can be used for the evaluation of fire growth. 
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Fig. 6. Mass loss rate calculated by oxygen and radiation effect for different pool fires with 0.04 m2 vent: (a) D=0.1 m; (b) D=0.141 m; (c) D=0.2 m. 
4. Conclusions 
Fire tests were carried out in a small scale compartment with a ceiling vent at the corner. The influence of ventilation was 
tested in heptane pool fires of three different sizes. Fire behavior, fuel mass loss rate, gas temperature distribution and 
oxygen concentration at the base of flame were investigated. The results provide valuable information on characteristics of 
pool fire in compartment with ceiling vent. It is confirmed that the flame extinction behavior has two regimes depending on 
the ventilation. The fuel mass loss rate has only very weak correlation with the vent size in oxygen-controlled region. The 
mass loss rate of 0.1 m fire is practically unaffected by the vent size. Its value is fairly closed to that measured under 
ambient condition. However, for the larger fire, the mass loss rate is much lower than the free burning value. The vertical 
gas temperature profiles have a similar trend for pool fires in oxygen-controlled region. As the vent size increases, the 
oxygen concentration at the time of extinction becomes higher. The results obtained in this study confirm that oxygen 
concentration for self-extinction under limited ventilation is about 16%. The effects of oxygen and gas temperature on mass 
loss rate in compartment with ceiling vent are examined by Ringwelski’s theory and the oxygen at the base of flame is the 
main factor for small fires. 
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